We report the wave-front phase measurement of high-order harmonics employing point-diffraction interferometry. The high-order harmonics generated in a gas-filled hollow tube showed excellent spatial coherence over nearly the whole cross section of the harmonic beams. Using this coherent harmonic source in the extreme-ultraviolet -soft-x-ray region, we have demonstrated the operation of a point-diffraction interferometer and measured the wave-front phase of high-order harmonics. © 2003 Optical Society of America OCIS codes: 340.7450, 260.7200, 030.1670, 260.3160, 120.5050.
The high-order harmonics generated by the highly nonlinear interaction between atoms and intense laser pulses have good prospects as coherent light sources in the extreme-ultraviolet (EUV)/soft-x-ray wavelength region. High-order harmonic generation (HHG) has several novel properties, such as low divergence, 1 -3 ultrashort duration, 4 and spatial coherence, 5 -7 that make them better than any other currently available EUV -soft-x-ray source, such as x-ray lasers 8 and synchrotrons. 9, 10 High-order harmonics have been used as a coherent ultrashort EUV-soft-x-ray source already in several areas of science, and their applications are expanding rapidly. The possibility of performing interferometry in the EUV -soft-x-ray range has been demonstrated by an interference experiment using two spatially separated sources of harmonic radiation. 11 In their recent work, Bartels et al. 7 applied HHG to record a Gabor hologram and proved the superb coherence property of high-order harmonics. These works have demonstrated the strong potential of HHG as a coherent EUV -soft-x-ray source.
A conventional method of testing the quality of EUV optical components used in EUV lithography, x-ray microscopy, and holography is the point-diffraction interferometry (PDI) in which the aberrations of optics can be obtained from a wave-front phase measurement. 12 In this technique a plate with a very small pinhole is used to generate a spatially coherent beam from synchrotron radiation. The pinhole in the membrane generates a spherical reference wave front by diffraction, and this interferes with the wave front from a test optical component with reduced intensity as a result of the semi-transparent nature of the membrane. From analysis of the resulting interference pattern, information on the aberrations of optical components can be obtained. The investigations by Goldberg et al. 12 showed that the degree of spatial coherence of the probe beam critically affected the results of measurements in the PDI. Hence, the use of the first pinhole to improve the coherence is indispensable, but this is accompanied by a signif icant reduction of source intensity. Therefore, HHG, with its superb spatial coherence and high intensity, can be a far better alternative source for the metrology of EUV optics.
In this Letter we demonstrate the measurement of the wave-front phase of a harmonic beam by use of the PDI method. To ensure successful operation of the PDI method we first measure the degree of spatial coherence of HHG, employing a double-pinhole interference experiment and show that the harmonic beam is highly coherent over almost the entire beam cross section.
The degree of spatial coherence was measured with the experimental setup shown in Fig. 1 . We focused 20-fs Ti:sapphire laser pulses, with 0.35-mJ energy per pulse and 1-kHz repetition rate, into a 30-Torr Ar-filled hollow-tube target, using an f ͞83 focusing mirror to generate high-order harmonics. The core diameter and the length of the hollow-tube target were 350 mm and 4 cm, respectively. The harmonic spectrum obtained with a f lat-field soft-x-ray spectrometer showed that the 27th harmonic at 30.7 nm was dominant and was accompanied by much weaker neighboring harmonics. Here, we controlled the Ar gas density such that the 27th harmonic contained more than 68% of the total detected harmonic energy. The spectral width of the harmonics, determined by the three harmonics from 25th to 29th, was ϳ4 nm. A thick Al plate with two pinholes was placed 13 cm beyond the target to create the two wave fronts. The diameter of the pinholes and the distance between them were 10 and 100 mm, respectively. The diffracted wave fronts from the two pinholes interfere, and the resulting interference fringe pattern was detected by an x-ray CCD located 104 cm from the pinhole plate. We blocked the diffracted light of the pump laser by placing a 0.2-mm-thick Al filter in front of the detector. The interferogram of the harmonic beam, acquired with 100 laser shots, and the intensity plot along a horizontal line passing through the center of the fringe image are shown in Fig. 2 . The fringe visibility at points away from the center of the fringe pattern decreases because of the broad spectrum and divergence of the harmonic beams. Considering the low beam divergence of ϳ1 mrad (in 1͞e
2 ) in our experiment, the reduction of visibility in this experiment comes from the broad spectrum of the harmonic beam. The spatial coherence can thus be determined from the fringe visibility at the central part of the interferogram, in which the visibility is less affected by the broad spectrum. The intensity plot in Fig. 2(b) shows that the visibility at the center is 1, which indicates that the two points in the beam, separated by 100 mm, are completely coherent. The harmonic beam size at the pinhole plate, which we estimated by scanning the beam with a single pinhole plate, was found to be 130 mm (FWHM). Hence, the measurements presented above show that the harmonic beam has complete spatial coherence over most of the beam's cross section.
Next we measured the wave-front phase of the generated harmonic beams, using the PDI method. We used 1-mm-thick Al foil with a 10-mm pinhole as the PDI plate. We determined the thickness of the foil and the diameter of the pinhole by carrying out a ray-tracing simulation for the propagation of both interfering beams, the beam transmitted through the Al foil and the beam diffracted by the pinhole in the foil, taking into account the complex electric f ield amplitudes of the two beams. The Al foil thickness and the hole diameter corresponded to the case in which the simulation yielded a comparable intensity and beam diameter for both interfering beams at the detection plane. We mounted the PDI plate on a motorized x-y stage to adjust the relative position between the harmonic beam and the pinhole. The radius of the harmonic beam recorded at the detector was ϳ1.3 mm (in 1͞e
2 ). When we moved the pinhole position to the center of the transmitted harmonic beam, a point-diffracted reference beam was generated, and it interfered with the incident harmonic beam. An interferogram obtained with 10,000 laser shots is shown in Fig. 3(a) , and the intensity plot along a horizontal line passing through the center of the interferogram is shown in Fig. 3(b) . Figure 3(a) shows good concentric fringes, implying that the wave front of the harmonic beam in the far field is spherical. Although the fringe visibility decreases at the outer region because of the broad spectrum contained in the several harmonic orders that were used, the visibility of the fringes in The far-f ield amplitude, u͑r͒, of the point-diffracted reference beam for a uniformly illuminated circular aperture of radius a is expressed in the form
where J 1 is the first-order Bessel function, L is the distance from the pinhole to the detector, l is the source wavelength, and the Fresnel number N is def ined by
The Fresnel number for our experimental conditions is ,10 23 , and the detection position, z, is suff iciently larger than the Rayleigh range, z r ϵ pa 2 ͞l Ӎ 2.6 mm, for a circular aperture. Therefore, in the far-f ield approximation, the wave-front phase of the pointdiffracted beam in the experiment can be considered a spherical wave front with a phase equal to pN͑r͞a͒ 2 . Using the phase information of 11 constructive and destructive interference fringes shown in Fig. 3 , we constructed the wave front of the harmonic beam. The wave-front phase of the harmonic beam was found to be nearly spherical with a radius of 1.197 m. The rms error of the optical-path difference, which is def ined as the standard deviation of the measured optical-path difference between the wave front of the harmonic beam and a spherical wave front of radius R͑z͒ 1.197 m, and the measurement error are plotted in Fig. 4 . The measurement error, determined mainly by the CCD pixel size of 24 mm, was less than 24 ± (l͞15) at the edge of the fringe pattern. The OPD rms error is comparable with the measurement error for radial distances less than 1.1 mm, and, at the edge of the fringe, the error is increased to Ӎ60 ± ( l͞6). Considering our measurement accuracy, it is clear that the wave front of the harmonic beam deviates slightly from a perfectly spherical shape and that the deviation, which increases with distance from the center, is measurable in this PDI setup. The measurement of the wave-front phase information, together with an intensity prof ile of the harmonic beams, is important from the viewpoint of improving the beam quality and gives all the properties of the propagating beam, which is essential for designing EUV optics for various applications.
In summary, we have demonstrated a pointdiffraction interferometer that uses the excellent spatial coherence of high-order harmonics and measured the wave-front phase of a harmonic beam. The experimental results from PDI showed that the generated harmonic beam can be considered as a spherical wave within a phase error of l͞15 at the central two-thirds of the harmonic beam. With a slight improvement of wave-front quality to obtain a phase error less than l͞20, harmonic EUV sources will become a powerful, compact tool for the metrology of EUV optics.
